A set of temperature profiles from expendable bathythermographs collected from 1980 to April 1988 along two ship routes transecting the equatorial Atlantic from 1 1°N to I I "S is analyzed to infer the vertical structure of the annual variability of the temperature and the currents in the upper ocean.
Introduction
Individual temperature sections across the Atlantic Ocean show a different structure between 10"N and 6"s than farther poleward, where the thermocline is spread over a considerable depth (Fig. 1 ) . Usually near the equator, there is a surface mixed layer overlying a sharp thermocline extending to a temperature of 14"-15 OC, which in turn overlays a layer of reduced vertical gradients, i.e., the thermostad. Still deeper, vertical gradients often increase around 300 m (temperature about 1 1 OC), which we will refer to as the deeper thermocline, below which gradients are again reduced. In this paper, we wish to present data to quantify the variability below the upper thermocline.
Previous studies of the seasonal cycle in the equatorial Atlantic ocean suggest that there is a response in the upper thermocline related to the wind forcing (Merle 1980 (Merle , 1983 Katz 1981; Garzoli and Katz 1983; Houghton 1983; . Because these earlier observations were nonsynoptic, a field program (FO-CAL-SEQUAL: Français Océan Climat dans l'Atlantique Equatorial-Seasonal Equatorial Atlantic program) was undertaken in 1982-84 in the tropical Atlantic Ocean to investigate the seasonal variability in relation to the wind field. The emphasis of the experiment was Corresponding author address: Dr. Gilles Reverdin, Lamont-Dohthe upper-ocean dynamics, and measurements were concentrated in the upper ocean. However, bottommounted inverted echosounders (IES) , which provide 'a bottom-to-surface acoustical time, have also been implemented for the study of the upper ocean. Before the experiment, a linear relationship was considered adequate to interrelate surface dynamic height, acoustical travel time, heat content, and the depth of the thermocline (Merle 1980; Katz and Garzoli 1982; among others) . The FOCAL-SEQUAL mooring data have also suggested that the upper thermocline contributes to a large share of the near-surface dynamic height signal (Weisberg and Weingartner 1986) .
However, at the equator at 4"W, during the upwelling seasons of 1983 , Houghton and Colin ( 1986 noticed that the upwelling near 300 meters (the 1 1 OC isotherm depth) happens earlier than in the upper thermocline (20°C isotherm depth). This feature was not noticed in the average seasonal cycle (Houghton 1983 ), but at (4"50'N, 4OW) near the coast ofGuinea, Picaut ( 1983) also found a lead of the deep isotherms in the seasonal cycle. These observations raise the question of how the variability below the upper thermocline may contribute to the dynamics of the upper ocean, and whether integrated signals, such as the travel time from IES are equivalent to upper thermocline characteristics (e.g., the depth of the 20°C isotherm).
To pursue the investigation of the deep variability i suggested by these observations. moored records of erty Geological Observatory, Palisades, NY 109640 i s~o M Fonds P&moi&&gnd currents would be most appropriate.
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VOLUME 2 However, not enough records of sufficient duration are available at depth. Hence, the present study is based mainly on expendable bathythermograph casts (XBT) collected along two routes ( The eastern route was first implemented for the SE-QUAL field program (Bruce et al. 1985) , and since 1986 it has been maintained as a TOGA XBT line. However, the sampling is less dense than on the western route. Before presenting the analyzed time series, we will briefly outline our approach. The analysis technique used to construct time series of temperature and isotherm depths is presented in appendix A. Dynamic height is computed from these analyzed temperature profiles, using an average seasonal relationship between T and S estimated from hydrographic data collected after 1980. Geostrophic currents perpendicular to the XBT lines are then evaluated in the open ocean (the western line runs close to Brasil south of 6"N, and the eastern line runs close to Africa north of 6"N). A discussion of the geostrophic approximation and a comparison with measured currents at 6"N, 3"N and 1'44" along 28"W is also given in appendix B. The estimated geostrophic currents seem to reproduce well the near surface variability except within 1.5" Iat of the equator, but does not reproduce the subsurface variability. This latter mismatch is unfortunate, but both badly sampled high frequencies and the location of the moorings close to boundaries of the subsurface currents could explain this, so that it does not a priori imply a flaw in the methodology.
Since currents primarily flow along isopycnal surfaces, there is the possibility at a fixed depth to encounter a variability related solely to the vertical advection of the current structure. This advection was shown to be important for the equatorial undercurrent from mooring data at 24" and 26"W (Weisberg 1985) and at 28"W (Weisberg et al. 1987) . Therefore, we * chose to present the estimated geostrophic velocity on temperature surfaces rather than at fixed depth.
We constructed an eight-year time series on a 1.5" latitudinal grid. A composite seasonal cycle was then constructed from these eight years, and the uncertainty in this average was computed by assuming that the eight individual years provide independent Gaussiandistributed realizations of the seasonal cycle. This dataset was not adequate to resolve high frequencies, e.g., the signals associated with equatorial Kelvin waves or the Set-up of the upwelling in the Gulf of Guinea. The low frequencies included in the analysis have periods longer than three months. This filter retains a significant share of the total oceanographic variability in the tropical Atlantic. For example, the low-pass filtered time series of 20°C isotherm depth from a mooring at (O", 4"W) in 1983-84 had 79% of the variance of the daily record.
Our analysis focused on the seasonal variability of the temperature and geostrophic currents near the surface and in the deep thermocline. The datasets available had several limitations.
First, the two XBT lines do not intersect the areas of largest variability, which according to climatological study are found further west and in the equatorial Gulf of Guinea. Interannual anomalies in 1984 were much larger in the eastern Gulf of Guinea than at 1O"W (Hisard and HCnin 1987) . 
FIG. 3.
Time series of the 20°C isotherm depth and of the 11 "C isotherm depth at ( 1.5"N, 30"W) along the western route conshucted from 240 profiles with an objective analysis routine filtering out periods less than 3 months. The crosses correspond to the individual measurements which depart from the analysis with a rms of 8 m for the 20°C isotherm and 20 m for the 1 1 "C isotherm. For 1983-84, two well-sampled years, the resulting uncertainty in the analysis is of the order of 3 m for the 20°C depth and 10 meters for the 11 "C depth. The lines connect the ridges in the two curves. i Second, there was considerable scatter in the measurements; e.g., Fig. 3 shows two isotherm depths at 1.5 ON along the western route (Fig. 3) . These isotherms suggest a seasonal cycle in both the upper and deep thermocline. In the upper thermocline (the 20°C isotherm curve) the noise level is low, and year to year differences are significant. However, in the lower thermocline, which is our main concern here, the noise level is much larger, and for the 1 1 "C isotherm depth, the error bars estimated from the dispersion of the data with respect to the low frequency signal are of the order of 7 m y which encompasses most of the year to year differences (Fig. 4a for the eastern route) . Thus, the data are not adequate to study the interannual variations. This is even more true for the estimated geostrophic currents (Fig. 4b) . However, for the isotherm depths, and even for the deep geostrophic currents, these figures suggest a seasonal cycle.
The seasonal variability

a. The average seasonal cycle of isotherm displace-
The average seasonal cycle will be discussed along the two routes for an isotherm depth in the upper thermocline (20°C) and one in the lower thermocline 1980, 1981, 1986, 1987 is not presented, as it is too uncertain because of a sparcity of profiles.
year-to-year differences is about 2 meters for the 20°C isotherm and 4 to 5 meters for the 11 "C isotherm. However, it varies from month to month, mainly because of the data distribution. The maximum rms error for the depth of the 1 1 "C isotherm is 1 1 m in August at 12"N in the west. The seasonal signal is highly significant along both lines. In this average seasonal cycle, the annual harmonic accounts for more than 80% of the variance, except along the eastern route, north of 4"N, where semiannual variability is also large, and between 7"s and 10"s where variability is small. In the places where the annual harmonic dominates, it is justified to illustrate 'the signal by selecting the amplitude and the phase of the annual harmonic, and this is summarized on Fig. 5 , comparing the 20°C depth and the 1 1°C depth, where we have adopted a finer meridional resolution of 0.5 O to compare an average seasonal cycle between 10"N and 10"s.
The variability in the upper thermocline close to the western route has already been described from other sets of data: between the equator and 10"N by Garzoli and Katz ( 1983) , farther north, by Stramma and Siedler ( 1988) . Our results (Fig. 5a ), as well as Emery et al. ( 1987) for a subset ofthe data, support these earlier studies. The largest seasonal displacements are found at 4"N with a secondary maximum at 3"s. Variability is smaller south of 3"s than farther north. At 9"N and 8"S, variability is minimum, and seasonal displacements further poleward at 12"N and 14"s have the opposite phase. On the eastern route (Fig. 5b) , the 20°C isotherm has a maximum variability at the equator and a minimum variability at 3"N. We should also comment that at the equator the annual harmonic only includes 80% of the variance. This is caused by the intense upwelling event peaking in June-July, which does not last long.
On Fig. 5b , along the eastern route, it can be seen that the depth of the 11 "C isotherm has a different annual signal than the 20°C isotherm depth. There, the variability of the 1 1 "C isotherm is dominantly explained by the annual harmonic, and its largest variability is located off the equator.' Along the western route, there is a broad area of large variability in the 11 "C isotherm depth between 2"s and 6"N, instead ' The 4"W composite seasonal cycle (see also Houghton (1983) and Picaut ( 1983) for different years) shows characteristics not too different from those ofthe eastern route. The timing ofthe shallowest equatorial 20°C isotherm depth is a month later than in our eastern route analysis (located 5" to the west), a difference not found at larger depths. The largest variability for the 1 1 "C depth is located near 2ON-3"N and at 2"S, and not at the equator like in the upper thermocline. It was also found by Houghton ( 1983) that the equatorial trapping of the upwelling is confined above 200 m. For two well sampled individual years 1983 and 1984, the deep vertical displacements are also stronger at off-equatorial latitudes (Houghton and Colin 1986) , and at the equator, the shoaling of the 11°C isotherm occurs a month earlier than in the upper thermocline. of the maximum found at 4"N in the 20°C isotherm depth. In the west, the phase of the signal is also different for the 11 "C depth than for the 20°C depth, with a lead of the 11 "C depth of the order of 2 to 4 months between 3"s and 6"N and 1 to 2 months north of 10"N. The uncertainty on the phase at the 11 "C depth is of the order of 10 days, therefore, it is not possible to assess whether the phase differences between the equator and 3"N or 2"s are significant. On the other hand, 5 "N lags the other equatorial latitudes (Fig.  5a ). Near the equator along the eastern route (close to lOoW), the lead is not as clear, where the maximum uplift occurs almost at the same time for the 11 "C isotherm and for the 20°C isotherm. These characteristics for the analysis of the annual harmonic are also found in individual years: the near-equatorial heat content on the western route presented in Fig. 6 suggest a different phase below 300 meters than the upper layer heat content (discussed for the average climatological seasonal cycle in Merle 1980), at least for 3 of the four presented years; for 7 out of the 8 years of the time series of the 11 "C isotherm depth at 3"N (on Fig. 3 ), the peaks and troughs occur earlier than in the upper layer.
b. Vertical structure of isotherm displacements
To illustrate the vertical structure of the variability, profiles for the annual harmonic are shown at various latitudes close to the equator along the western route ( Fig. 7a-7d ). At these latitudes, the phase decreases with depth, at least down to 700 meters, so that the deeper isotherms lead the shallower isotherms. The uncertainty in the phase (estimated by subsampling the time series) is of the order of 5 days in the upper thermocline, but increases to 10 days at 300 meters, and is of the order of 20 days at 500 meters. Thus, phase change with depth is still significant. The constant phase between 200 and 600 m at 2"S, and from 350 to 600 m at 5"N is probably significant. In the upper thermocline, the largest variability is observed at 3 ON, but decreases sharply between 200 and 250 meters. Below 300 meters, the amplitude is larger at the equator than at other latitudes, and it is larger there than closer to the surface. The uncertainty in amplitude is of the order of 1 meter in the upper thermocline, but increases to 2 meters below 300 meters, and some of the other details in the profiles are not significant.
Along the eastern route ( Fig. 7e-7f ), large variations of the phase with depth are also found, which at the equator are corroborated by mooring data in the upper 500 meters at (O", 4"W) (including unpublished data from the CIPREA moorings in 1978-80). In the upper thermocline and the thermostad, the signal varies strongly with latitude, and it is only below 250 meters that the upward phase speed is well defined within 4" of the equator. 
n culation, with alternating narrow eastward and westward flows. We will now investigate the seasonal cycle in the currents. The zonal currents are integrated vertically over three layers based on the vertical structure The temperature variability below 300 meters contributes to changes in the heat content ( Fig. 6 ) and dynamic height (Fig. 8 ) . At the location shown in Fig.  8 , the signal amplitude reaches 0.9 dyn cm for the layer 400-700 db compared with 5.1 dyn cm for the layer 50-400 db, which encompasses the upper thermocline. Further investigations on the respective importance of these layers for the dynamic height and the acoustical travel time measured by IES are given in appendix C.
The local potential energy associated with the stasona1 displacements is evaluated as: Ep = 0.5pN26h2 where 6h is the standard deviation of the vertical displacements, and N y a representative Brunt-Väisälä frequency for the annual average. If 6h is a constant over a layer spanning a potential density range of Ao, then J Epdz = 0.5gAo6h2. Along the equator, both at 4" and 28"W this suggests that the vertical displacements in the layer between 300 and 700 m contribute to a potential energy of the order of 20% of the seasonal potential energy in the upper 300 meters. '
c. Zonal geostrophic currents
We rely on a 0.5" gridded analysis of the seasonal cycle in order to resolve the currents. The average current structure corresponds to what is known of the cir- In (e) the phase along 4"W is also indicated at 400 and 500 m. in temperature sections (Fig. 1) to correspond to 1) the upper thermocline between 25°C and 15"C, 2) the thermostadt between 15" and 12"C, and 3 ) the lower thermocline between 12°C and 400 m. The vertically integrated currents are then smoothed in latitude by a 1 O running average, and then a (V4, Y2, l/4) filter is applied in time on the monthly time series. The meridional boundaries between eastward and westward currents are first determined from these fields, and the zonal transport for each current is estimated. These zonal currents are indicated on Fig. 9 . Near the equator, boundaries have been set at 1 S O S and 1 ON, close to where the current is expected to change sign according to the meridional pressure gradient depicted on Fig. B 1. In the east the northern boundary of the North Equatorial Countercurrent (NECC) is ill-defined, and has been set to 5"N.
Based on the average seasonal cycle (Fig. 9) , the individual currents can be found throughout the year, and their latitudinal seasonal displacements are small (less than 1") in the lower thermocline ( Fig. 9c and  9f) . Even in the upper thermocline, meanders are not pronounced. In the east, however, the SEUC width changes significantly, although 4"s is always within this eastward flow (the upper layer extends to the surface between June and October, and then the real current will strongly differ from the geostrophic estimate). The northern boundary of the western NECC also moves significantly, and it extends farther north between July and November.
The transports of the currents relative to 400 db do change seasonally (Fig. 9) , typically within a factor of 2, but it is difficult to ascertain the uncertainties on this composite constructed from the 0.5" bin averages (the uncertainties indicated in the right margin of Fig.  9 result from a rough estimate of the uncertainty on individual monthly estimates of dynamic height on the 0.5" grid). Usually, the variability is above the rms uncertainty, except at the equator. The eight year time series in 1.5 O bins (Fig. 4b ) also suggest that near the equator the seasonal cycle is barely above the noise level. The variability is often annual, except in the thermostadt within 3" of the equator where it also has a semiannual component. The variations in the nearequatorial currents at depth appear to lead the upper thermocline ones, but this is probably within the uncertainty of the analysis. The seasonal variability in other currents is well defined, even at subsurface. The deep SEUC in the east is weakest in July to September (geostrophic current relative to 400 db) , a feature also found on individual fine resolution sections in 1980-85 (Bruce 1987) . It is strongest at that time in the west. The NECC in the upper thermocline extends farther north between July and November, so that its transport peaks at a different time in this layer than in the two other layers, where changes in the meridional extension of the currents are less. The cycle that we find for the NECC in the two deep layers contrasts with the weak seasonal variability at 28" W argued by Cochrane et al. (1979) . However, the seasons selected for the averaging in Cochrane et al. ( 1979) are February to April and July to September, and Fig. 9 suggests that they are not adequate for the deepest layers, because the maximum transport occurs in May-June and the minimum transport in December-January.
Discussion
In the deep thermocline we have found evidence for a large level of potential energy associated with the seasonal variability. If the seasonal vertical displacements were also present deeper in the ocean, these deep levels could contribute to a significant share of the seasonal potential energy of the water column. We have also noticed a seasonal variability in the zonal currents. It would be interesting to compare potential energy with the kinetic energy associated with the seasonal cycle; however, due to the large uncertainties on the analysis of the currents our estimate of the kinetic energy is not reliable, especially at the equator where we expect kinetic energy to be large.
Another suggestion for a seasonal variability of the equatorial currents is provided by the analysis of the dynamic height referred to 400 db. Our analysis shows near 300 meters a significant seasonal cycle of the zonal pressure force between the two tracks. The time integration of the pressure force is in phase with the analyzed geostrophic current ( Fig. 10 where both terms have been averaged between 1.5"N and 1.5"s). This suggests that the currents at these depths are generated by the horizontal pressure forces. This of course is based on numerous assumptions, one being that the average of the estimates of the equatorial current from the two tracks is representative of the average in the area between the tracks.
Current meter mooring records at 300 meters on the equator also exhibit variability on seasonal time scales. At (O", 4"W) sparse mooring records at 300 m ( 1978 -1980 Colin, personal communication) 
western section h 250c -h 150c gest a seasonal cycle, as do measurements at 24"-28"W in 1974 (Weisberg 1985 and 1983-84 (Weisberg et al. 1987) , both with westward flow in January-April and eastward flow in June-September. This is similar to the geostrophically estimated current with a reference at 400 db (Fig. 9 or Fig. 4) . However, this agreement could be coincidental as current meter records at 500 meters also show large currents (with the opposite sign to the currents at 300 m). Thus, the currents at 300 meters could differ noticeably from currents relative to 400 meters such as we have computed. Also, there are hints for a large interannual variability at these depths from records at 590 meters and 680 meters on moorings placed at (O", 4"W) in January 1977-June 1978 (Weisberg and Horigan 1981) . Therefore, the available mooring time series are probably too short to construct a reliable seasonal cycle and estimate its kinetic energy. From the records, it seems however that at 300 meters at 4"W, the seasonal cycle rms variability should 'be of the order of O. 1 m s-' or less, which corresponds to a kinetic energy of 0.5 X m-2 s-~, a value of the same magnitude, but smaller than the potential energy of l .5 X loy2 m-2 s -~ (for the particular years 1983 and 1984, Houghton and Colin ( 1987) find a larger potential energy of 2.5 X From previous modeling studies, the main source of the seasonal energy in the equatorial Atlantic is the wind stress at the sea surface. Therefore, the spatially averaged energy fluxes are expected to be downward. The observed phase shifts with depth of the vertical displacements imply that at a given depth, dynamic height is not in phase with vertical displacements. This is usually interpreted as an indication that there is a flux of energy (downward if the deeper displacements occur earlier). This arises from the equation governing the Lagrangian rate of change of the sum of potential and kinetic energy, E , approximately written as m-2 s -~) .
DE ----div(u-P ) -d ( u -T ) / d z
Dt
where we have neglected the effect of horizontal diffusion by eddies, and T is the vertical Reynolds stress (implicitely, all terms are averaged over a seasonal cycle). The first term on the right hand side is the rate of working of pressure forces (we will refer to u P as the working flux), and the second term is related to sources and sinks by vertical small scale motions. It is the vertical component of the working flux which is considered, and more specifically its seasonal component w,. P,. To crudely estimate its magnitude, w, is estimated as dhldt, where h is an isotherm depth, and pressure is referred to 400 db (a shallow reference common to the two sections: an unfortunate choice required by the lack of deep data at most latitudes; if we had been able to select a deeper reference level (for example, 700 db), w,. P, would probably have been larger ) .
In most places, the estimated working flux is downward between 3"s and 9"N (positive values in Fig. 11 where the eastern and western sections are averaged to suggest the mean values in the central equatorial Atlantic). The exception is near the equator on the eastern route between 20" and 15°C (not shown);.of course, this could be related to a deviation from the relation w = dh/dt, as the 20°C isotherm gets very close to the surface during the upwelling season. The mean flux on the 11°C horizon averaged between 3"N and 3"s is O. 15 X lob6 W m-2 , which is 10-1 5 times smaller than close to the surface. The uncertainty on estimates for individual latitudinal bins is of the order O( 1 ), so that this average is significantly nonzero, but it strongly depends on the reference depth. For comparison, the wind stress seasonal energy input is estimated from u, , T , , where u, , is the mixed-layer geostrophic velocity (annual average removed) , and T is a seasonal zonal wind stress estimated from ship reports for each of the two sections during 1982 to 1984. The energy input averaged between the two routes suggests a maximum near the equator of 1.5 X low6 W m-2, with a secondary maximum of the order of 0.6 X Notice that these magnitudes are comparable to the downward energy flux in the upper thermocline, but are larger than the flux in the lower thermocline. Hawever, we know that equatorial waves will also carry energy horizontally away from the source region, and Fig. 1 la, the estimated vertical flux of energy by the pressure force averaged between the two sections (reference for pressure is 400 db). Fig. 1 lb, the seasonal energy input by the wind (an average of the two sections).
that we therefore do not expect a local relationship between the wind input and the downward energy flux. An example is at S0-9"N where the energy input at the surface is large, but where there is no downward energy flux below 100 meters. However, a more careful investigation of the energy budgets requires both a spatial coverage of the tropical Atlantic, and a deeper reference level than could be achieved here.
We should also emphasize the differences in the isotherm vertical displacements between the eastern and the western sections which were shown, for example, in Fig. 5 . They imply that the seasonal horizontal pressure force between the two sections (not shown) peaks off the equator, and that oscillating meridional veloc-, ities are present. Also, because the meridional and vertical structure of the variability is different at the two longitudes, this variabaty between 100 and 500 meters cannot be interpreted as a single vertically propagating wave. Considering the small fetch of the equatorial Atlantic, it is not surprising that the response at the low frequencies takes place on the basin scale, and invokes in the equatorial band both Kelvin and Rossby waves [various modeling studies have discussed this issue, such as Cane and Sarachik ( 198 1 ) , Busalacchi and Picaut (1983) , McCreary et al. (1984) , Philander and Pacanowski (1986) , Weisberg and Tang (1987) or du Penhoat and Tréguier (1985) ].
Conclusions
The analysis of eight years of temperature profiles along the two XBT routes in the central tropical Atlantic Ocean has provided a new insight on the variability in the upper 700 meters. In the upper thermocline, interannual deviations are not large compared to an average seasonal cycle . This average is similar to earlier descriptions of the seasonal cycle in the upper thermocline (Merle 1980 (Merle , 1983 Katz 1981; Houghton 1983 ; among others). In the lower thermocline, it is not possible to quantify interannual deviations since uncertainties are larger, due to the' fewer data and their larger errors. It should be noted that the investigation does not include the areas where the largest seasonal variability is found in the upper thermocline; i.e., west of 30"W north of the equator and in the equatorial Gulf of Guinea (Merle and Arnault 1985; Garzoli 1987; Katz 1987) . It is probable (as was observed in 1984) that interannual variability may also be smaller along the ship-of-opportunity routes.
In this analysis of a composite year, the seasonal variability of the lower thermocline within 5" of the equator differs from the variability of the upper thermocline. The annual harmonic does not have the same meridional structure or phase in the two layers. Near the equator, the 400 to 700 db layer could contribute to a peak-to-peak seasonal pressure signal of 1 dyn cm, compared to typical signals between O and 400 db of the order of 10 dyn cm. The question should be raised on whether we can neglect the deep variability for investigations of the upper ocean. For example, one can argue from these results that reduced gravity models cannot be very satisfactory in reproducing the seasonal cycle of sea surface level near the equator or in simulating the changes in the meridional slope across the North Equatorial countercurrent (notice however that north of the current, the variability is nearly in phase across the sampled water column 1. This could be even worse with IES travel times used as records as indicators of sea level (these records are more sensitive to the deep layers, cf. appendix C).
The zonal current relative to 400 db was estimated geostrophically for a composite year from a pressure distribution on a 0.5" meridional grid. This grid does smooth the currents boundaries, because of the small width of the currents. However, below the upper thermocline, only small meridional seasonal shifts of the currents are found. The off-equatorial seasonal variability estimated for the composite year is large, but is not associated with seasonal reversals of the flow. Also, it is known that the off-equatorial flows extend deeper than 400 db (Cochrane et al. 1979; Molinari 1982 ; among others), and thatathe reference to 400 db is therefore not the most appropriate. However, currently, the XBT routes are sampled each month with no more than by 1 profile per degree. This may be an inappropriate meridional resolution, as exemplified by the differences found between the analysis and mooring records (cf. appendix B) .
At the equator we also find at 300 db a seasonal cycle of the currents relative to 400 db (at 1O"W, minimum in the early part of the year) , but the uncertainty is very large, and the approximations made are questionable. Several years long time series of currents from moorings would be required to improve our understanding of the deep seasonal dynamics. This would allow one to better define the partition between kinetic and potential energy, and to investigate the vertical pressure work. The temperature profiles originate primarily from a TOGA subsurface data center file obtained in June 1988. The 8-year long analysis (May 1980 -April 1988 includes 4732 profiles between 16"s and 20"N in the upper thermocline on the western route, and on the eastern route between 1 1 "N and 11 " S there are 3050 profiles for the same period. Each month is sampled, except in early 1980 and late in 1982-early 1983 for the western route, and early 1986 and 1982-1983 for the eastern sections, when data have been supplemented from other programs (both, CTDs and XBTs). The number of profiles of sufficient quality decreases below 400 meters ( 1 1 19 profiles on the western route, and 847 on the eastern route reach 700 m) . Meridional sections in previous years are also available along 4" W (CTD casts and a few XBTs), five degrees to the east of the eastern route at the equator. This is the longitude earlier analyzed by Houghton ( 1983) , and it will serve as an independent benchmark for the eastern route.
Large errors, both systematic,and random, have been observed in the lower portion of XBT profiles (Heinmiller et al. 1983 ). We have not corrected profiles from these expected systematic errors, and we will not consider T4 XBTs below 400 m, and T7 XBTs below 700 m. Also, some of the profiles are extracted from radio messages of a lower quality, which can result in a temperature noise larger than 0.10"C. Together with aliasing of subseasonal time scales and the variability associated with steplike features in the temperature profiles, a large rms is found below 200 meters, both for temperature at a given depth or isotherm depths. For example, at 3"N on the western route, the subseasona1 rms variability exceeds 20 meters for the depth of the 1 1 "C isotherm (nominally 300 meters), while it is of the order of 8 meters for the 20°C isotherm (centered at 90 meters depth). This large rms variability does induce an error on the analysis of the seasonal scales.
To reconstruct the low frequency variability, time series in spatial bins are obtained with an objective fitting of the data onto specified functions. These functions are sine and cosine of a Fourier decomposition with a cutoff at three months period. Following Davies ( 1985) , no expected energy level of the seasonal signal is specified in the algorithm adapted from Bretherton et al. (1984) . A first run is performed, where outliers are checked and the erroneous profiles are eliminated. Then, the analysis is run a second time. The percentage of rejection is less than 2% for the XBTs transmitted by the data centers, but it is larger for the radio-message XBTs. Analyzed parameters include isotherm depths and temperature at standard levels.
To estimate dynamic height, we associate a T-S relationship to the observed temperature profile. The relation between T and S is estimated primarily from CTD casts in 1982 to 1984 with a meridional resolution of 0.5" to 1 O , except north of 14"N where climatology is used. Errors in the salinity can yield substantial variations in the dynamic height and in the deduced geostrophic currents. For example, on the large scale, if we were neglecting meridional changes of salinity (the same T-S everywhere), the mean computed geo- and 1984 within 0.25" of the equator. The number of years with data is indicated for each month. There were no profiles in December, which is interpolated between November and January.
strophic currents would change approximately by onethird at 6"N. There are also changes over short distances, which can have a strong influence, for example close to the equator. Amault ( 1984) suggests that there is no significant variability of the T-S relationship below 16°C at a specific site off Abidjan at 4"W, 5"N.
Above 16"C, there is often a large seasonal cycle in the T-S relationship. It is largest close to the equator in the east (Merle 1978) . For instance, in the core of the upper thermocline at (O", 4"W) (Fig. Al) , the seasonal changes in salinity is close to 0.4, and corresponds to a variability in surface dynamic height with a maximum amplitude larger than 1 cm at the equator. We will therefore retain a simplified seasonal cycle above 16°C in the upper thermocline (four seasons: JanuaryMarch , April-May, June-August, September-December), based on the 1982-84 data with a 0.5" meridional resolution.
APPENDIX B
Estimated Geostrophic Currents; Comparison with Current Meter Moorings in 1983-84
Geostrophic currents
We will only comment on the estimation of the zonal velocity component. We can write the meridional momentum equation as: &u = -p -' p,, + A (we do not have the data on hand to estimate the terms in A ) . The horizontal pressure forces are estimated with dynamic height computed from the density with the hydrostatic approximation. Errors in the gridded dynamic height due to an inaccurate T-S relationship (for example, at 6"s) should result in large errors for the mean structure, but not so much for the seasonal fluctuations.
Following various authors (Tsuchiya 1955; Hayes 1982; Lukas and Firing 1984; Johnson et al. 1988 ), This corresponds to the current in the ideal case where A, = O at the equator. Indeed, near the equator Py changes sign (Fig. Bl) , and this condition could be fulfilled. The short meridional scale found on the Py meridional profile suggests that Pyy should be estimated with a 0.5" resolution, and that it will be very uncertain (i.e., in the upper thermocline the value of P, for a given month has at least a factor of 2 uncertainty). In this respect, the estimates of geostrophic velocity at the equator are not easy to obtain, contrasting with the Pacific Ocean, where the equatorial undercurrent (EUC) is broader, and currents are more symmetric (compare the profiles in Fig. B 1 with the sections of Hayes 1982) . At the equator P, can alsó be significantly nonzero in a given month (for example, the July pro-files along the eastern section in Fig. Blb) . Other terms in the meridional momentum equation have to be important on a monthly basis, and we can therefore expect that the currents will differ there from the geostrophic currents. Below 150 meters, for example at a temperature of 1 1 "C (Fig. B 1 c) , P,, is very small at the equator, but a small meridional scale (less than 1 O ) is also found on the PJ, profile, an unexpected and unwelcome feature. Therefore, the uncertainty on the equatorial currents relative to 400 db is also expected to be large at depth.
Practically, the sections are not meridional, but oblique, and the along-section pressure gradient may differ from Py needed to estimate zonal velocity. The magnitude of P, estimated between the two sections suggests that this effect can reach 10%. Of course, there are places where differences are larger, for instance south of 3"s on the eastern section (the veins of currents have a meridional slant in Mazeika 1968), north of 7"N on the western section below the upper thermocline (Cochrane et al. 1979) , and close to the coasts where geostrophic currents are expected to have a significant meridional component. At the equator, PJ,, is required to estimate geostrophic currents, and there too the effect due to the slant is likely to reach 10%. 
Comparison with measured currents
One mooring site at (6"N, 28"W) with current meters at 20 m, 75 m and 150 m between February 1983 and September 1984 is very close to the western XBT section. This provides an opportunity to compare a time series of currents with our analysis. The mooring is located close to the ridge in isotherm depths in the lower thermocline (see Fig. la) , and the 1.5 degree resolution analysis is not adequate. Unfortunately, there were not enough data on the 0.5" grid to deduce useful time series, and we were obliged to estimate the time series on a 1" grid, so that currents at 6"N are computed between the grid box centered at 5.5"N and the grid box centered at 6.5"N. In the surface layer, to compare with the current records, we add an Ekman velocity uniformly distributed over the mixed layer depth, estimated from the monthly wind stress compiled from ship reports in 1982-84.
The mooring records are presented in Richardson and Reverdin ( 1987) , which suggest that meridional velocities are important on a monthly basis. The crosssection velocity includes a contribution from both zonal and meridional velocity components. At the depth of 20 m, the meridional velocity contribution to the monthly cross-line transport has a rms of 5.4 cm s-I, as the zonal component contributes to a rms of 16.8 cm s-'. The comparison between this ground truth and our analysis does not always show a close agreement (Fig. B2) . At 20 m, there is a very large difference in 1984 (especially in June 1984) when the mooring currents areamuch larger. However, buoy drifts between 5"N and 10"N also indicated that the currents were lower in 1984 compared to 1983 (Richardson and Reverdin 1987) . This suggests that the large values observed by the mooring in June and July 1984 may have a meridional scale of the order of 1 O or less, which cannot be sensed in our analysis. At 150 m (Fig. B3) , there is only a hint of a seasonal cycle in the geostrophic analysis from the XBTs, while the moored currents indicate during the two seasonal cycles an intense eastward pulse of short duration (a little over 2 months). As the moored currents were much weaker at 300 m, the discrepancy cannot be attributed to the reference level. It is possible that these rapidly evolving currents are not well sampled by the XBTs. But it may also be that the mooring was located close to the weakly shifting boundary of a sharp-edged current, and that the analysis smooths this structure too much.
Along 2S"W, there were two other moorings at l"44'N and 3"N for 5 months in 1984. They are a little farther from the XBT track (Fig. 2) . The average between the two records can be compared with the 1.5" analysis where the current is estimated between l"30'N and 3"N ( Fig. B4) . At the surface, our analysis captures some of the changes, such as the westward pulse in May-June. The magnitude is correct, and differences are comparable to the ones at 6"N. At sub-' surface, the agreement is not good (not shown). Here, too, it is possible that the analysis smooths too much meridionally the narrow currents (Fig. 9b ).
APPENDIX C
Dynamic Height and Acoustical Travel Time
We have seen for the location (Oo, 30"W) that the seasonal variability of temperature between 400 m and 700 m (Fig. 8) did induce a peak-to-peak signal of 0.9 dyn cm, compared to a 5 dyn cm peak-to-peak signal between O and 400 db. Although the 400 to 700 m layer may contribute only to a fraction of the deep ocean signal, we will illustrate with this layer how the deep ocean variability could be the cause for a less than perfect correlation between surface dynamic height and bottom to surface acoustical travel time from inverted echosounders (IES) (a scaling analysis is also presented in Cartwright et al. 1987) . The importance of this analysis is that the signal from inverted echo sounders (IES) placed on the floor of the ocean to measure twoway travel times between the instrument and the ocean surface is usually expected to be an adequate proxi for dynamic height (Katz et al. 1986 ). An impressive array of IES was implemented in the equatorial Atlantic for the SEQUAL program in 1983-84. Three IES are close to thetwo routes studied (at 3"N and 9"N, along 2S0W, and at O", lO"W), and have been presented in Katz (1987) and Garzoli (1987) . Near the equator along the western section, the dynamic height and heat content seasonal cycles for the layer 400-700 db relate well to the temperature measured at 500 m (0.3"C induced a dynamic height signal of 0.9 dyn cm and a travel time signal of 0.4 X s), and we applied this relationship to the two sections when there were not enough profiles reaching 700 db. A comparison with acoustical travel time from IES would have been helpful, but there were not enough data at 500 m during these records, and we will only show the estimated average seasonal cycle at two of the sites of the IES measurements. The 300 meter deep (Figs. C1 and C 2 ) . This is because sound speed dependency on temperature increases when temperature decreases.
The contribution from the deep layers to travel time can noticeably modify the signal where the deep variability is not in phase with the upper thermocline. In particular, at the equator on the eastern section, if we consider that the travel time is the sum of the contribution of the two layers, there would be less variability between October and March than for the 0-400 m layer alone, and there would be no dip in February.
